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Abstract
High pressure pipeline transportation has already been the dominant mode for economically
transporting large amounts of CO2. Potential leakage is one of the main risks during the pressurized
CO2 pipeline transportation. To investigate the leakage behavior of high pressure CO2, a new
laboratory scale experimental setup with a total length of 14.85 m and the inner diameter of 15 mm
was constructed. Leakage experiments for pure CO2 and CO2 mixtures containing various N2
concentrations were carried out in different initial phase states (supercritical, liquid and gaseous
respectively). The pressure and temperature characteristics and phase transitions of high pressure
CO2 were studied following the pipeline leakage with small nozzle diameters. The results show that
a minimum temperature would occur during the overall leakage of various initial phase states and
the temperature characteristics of supercritical and gaseous CO2 leakage were rather different from
that of liquid CO2 leakage. Impacts of impurity (N2), initial inner pressure and nozzle sizes on the
leakage behavior were investigated, and two minimum temperature lines based on N2 concentrations
and initial inner pressures were obtained respectively, which could be applied to ascertain the
pipeline operation above the ductile-brittle transition temperature of CO2 pipeline.
Key words: CO2 leakage; Minimum temperature; Phase transition; Brittle fracture; Impurity
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1. Introduction
Significant emissions of Green House Gases (GHG), especially carbon dioxide has already
been considered as the main reason for global warming and climate change [1, 2]. And it is also
expected from the future energy outlook that the fossil fuels will remain the dominant source for the
next 20 years [3]. Thus Carbon Capture and Storage (CCS) [4-6] has been put forward as a new
technology which can contribute to mitigating the global CO2 emissions from large fossil fuel power
stations and reducing the whole CO2 release by approximately six billion tons per year in 2050 [7].
The CCS process involves three essential stages including capture, transportation and storage. It is
foreseen that pipeline transportation of CO2 will be the most economic approach [8, 9] as CCS could
be deployed on an industrial scale in the future. However, CCS is still a developing technology
which may associates a number of issues concerning safety requiring further study and research [10,
11]. Thus, ensuring a safe implementation of the CO2 transportations and mitigating potential
hazards is vitally important.
Accidental leakage may occur through a damage section of pipeline caused by the defects
introduced into the pipe such as mechanical damage, corrosion or material defects, and operation
mistakes [12]. Considerable nagative effects and threats could be exerted on the local environment
and residents nearby due to the high CO2 concentration released from the high pressure
pipelines[13]. Therefore, understanding the leakage flow characteristics is of crucial importance to
the prevention of hazards related to CO2 transportation and the development of a leakage detection
system. Moreover, propagating of running fractures are considered as the most catastrophic type
pipeline failure given that they result in a massive escape of inventory in a short space of time.
Usually, a fracture will propagate in either a ductile or a brittle model [14]. Brittle fracture is a

situation may arise in which the pressure inside the pipeline at the time of a leakage will be
insufficient to drive a ductile fracture. But however, the temperature of the CO2 fluid in the
proximity of leakage will be cooled due to the strong Joule-Thomson effect (JTC) [15]. Besides,
once the pipeline leakage initiated, a strong heat transfer will occur between the CO2 fluid and the
pipe wall, which may lead the temperature of pipe wall lower [16]. In the event that the pipe wall
temeprature is lowered to its Ductile-Brittle Transition Tempreature (DBTT) [17], there will be an
almost instantaneous and large drop in the fracture toughness and thus the risk of a running brittle
fracture will be significantly increased. Thus, an accurate investigation of the CO2 pipeline leakage
characteristics especially the temperature variation is vitally crucial for the safety control of
pressurized CO2 pipeline.
As such, several various scale experiments have been done focused on the decompression
behavior (particular temperature characteristics) of CO2 leakage in recent years. Guo et al. [18,19]
fabricated a industrial scale experimental pipeline with a total length of 258 m and an inner diameter
of 233 mm to investigate the waveform characteristics of pressure responses and the process of
phase transitions in CO2 leakage with different orifice diameters. Fluid pressures and temperatures
in the pipeline were recorded and it was found that the liquid CO2 leakage had the lowest
temperature in the overall release process. Besides, the lowest temperature achieved in the release
process was lower with larger orifice diameters. Ahmad et al. [20] carried out a large sacle CO2
release experiment (a 226.6 m long pipeline loop with a diameter of 219.1 mm was employed) to
study the decompression process inside the pipeline and the following atmospheric dispersion. A
rapid pressure drop to the saturation condition upon release was observed and the minima record of
the fluid temperature was -78 ℃ in the pipeline loop. A new circulation pipeline system with a

length of 23 m and an inner diamater of 30 mm was designed by Xie et al. [21] to investigate the
leakage behavior of supercritical CO2 pipeline. According to the experimental data, the
depressurization process of supercritical phase was quite different from that of gas phase and the
mass loss of CO2 in the pipeline was much larger for supercritical leakage due to the higher density.
Li et al. [17, 22] used the same laboratory scale pipeline loop with Xie to evaluate the supercritical
CO2 out flow from various leakage holes. It was found that leakage nozzle sizes had a considerable
effects on the decompression behavior. Besides, a multiphase flow would occur near the leakage
points and it showed a quite different characteristic compared with the other points along the
pipeline. Furthermore, the choked flow has a significant influence on the leakage process and the
heat transfer near the nozzle exit was much stronger than that at other locations. Besides these
experimental tests above, Mahgerefteh et al. [14] simulated the brittle fracture propagation in gas
and dense phase CO2 pipelines with a fully coupled fluid structure interaction model. Based on the
assumption of no blowout of the soil, they found that gas phase pipelines were more prone to
undergoing a propagating brittle fracture as compared to dense phase pipelines despite the lower
operating pressures. Munkejord et al. [6] presented and discussed simulations for depressurization
of three CO2-N2 mixtures (the N2 content in the three simulations was 10, 20 and 30 mol%
respectively) and found that the minimum temperature for 90% CO2 was lower than that of 70%
CO2.
Decompression tests mentioned above have provided a large amount experimental data for the
investigation of high pressure CO2 pipeline leakage especially the temperature characteristics which
is vitally crucial for the risk assessment of brittle fracture and early detection. Besides, Bilio et al.
[23] had found that several factors could render CO2 pipeline susceptible to brittle fractures

including the CO2’s high saturation pressure, its significant sensitivity to the presence of impurities
and its slow depressurization following a leak. However, few of the above tests had taken the
influence of impurities on CO2 leakage into consideration as the captured CO2 is not 100% pure
depending on the capture technology [24, 25]. Various impurities including the methane, nitrogen,
oxygen and other compounds, which even in small quantities could affect the thermo-physical
properties of the bulk CO2 dramatically [26]. Concentrations of these impurities particular for N2
which was a typical impurity for differnent capture methods can be at most 10 mol% [27].
Furthermore, there is a lack of investigation on the temperature characteristics (especially the lowest
temperature) once CO2 fluid escapes the pipeline. Unlike the natural gas, a violent temperature drop
could occur due to the work on the external medium done by the leaked CO2 fluid, which is known
as the Joule-Thomson (J-T) effect [15]. Note that a risk of brittle fracture could be introduced once
the operating temperature falls to stay above the ductil-brittle transition temperature (DBTT). Thus,
the study of the certain minima is crucial for ensuring the pipeline operation above the ductil-brittle
transition temperature and thus mitigate the risk of brittle fractures.
To address the safety concerns and fully understand the leakage behavior of high pressure CO2
pipeline, a new laboratory scale pipeline system was designed in our work which can be used to test
the complex flow characteristics of CO2 fluid upon leakage. Nitrogen (N2) (a typical impurity for
various carbon capture technologies [28]) was chosen as the primary impurity here in order to
investigate the depressurization of CO2-rich mixtures in pipeline. The leakage process including the
pressure and temperature development was measured near the both ends of the main pipe for various
initial phase states. The minimum temperature inside the pipeline was particular focused on and
discussed in detail which was of paramount importance to determining fracture initiation and

propagation in a CO2 pipeline. Furthermore, the effects of initial inner pressures and nozzle sizes
on the supercritical depressurization process were analyzed. In the following, a brief introduction
of experiments is firstly presented, followed by experimental results and their discussions. Finally,
some conclusions from the study are drawn.

2. Experiments
2.1 Experimental system for CO2 pipeline leakage study
Experiments on CO2 pipeline leakage behavior were performed based on a recently in-house
facility as shown in Fig. 1 and the detailed device arrangements were shown in Fig. 2. The apparatus
mainly consists four main parts: gas supply system, high pressure pipeline, leakage module and data
acquisition system. The gaseous CO2 (with an initial pressure at around 5 MPa and a purity of
99.99%) from the gas cylinder was cooled down to liquid phase in the refrigerating box and then
conditioned into high pressure through the booster pump. In the early stage, pressurized CO2 was
first stored in the high-pressure buffer tank and then injected into the main pipeline. After the
injected CO2 balanced, the booster pump was activated again to pump CO2 fluid into the main
pipeline until the set test pressure was arrived. The main pipeline made of a 304 stainless steel was
14.85 m long with an internal diameter of 15 mm, a pipe wall thickness of 3 mm and the maximum
operating pressure of 16 MPa. The main pipe is thermally insulated with a rock wool layer and the
heating system was made up of a heating band wrapped around the pipe to control the temperature
of CO2 fluid for the expectant phase. The leakage module includes a leakage nozzle and a pneumatic
valve which can remotely control the switch of leakage nozzle. The diameter of the leakage nozzle
used in the experiments performed with various conditions here was 1 mm with a length of 150 mm
and the pneumatic valve was supplied by N2. In the experiments, seven low frequency pressure and

temperature sensors with a frequency response of 1 kHz were mounted at seven different positions
along the main pipeline to measure the flow parameters of CO2 inside the pipeline. The measurement
accuracy of pressure sensors was limited under ± 0.25% while the uncertainty of temperature
measurements was ± 5% (temperature was recorded by ℃). All the data was recorded by the data
acquisition system (NI cRIO-9025, a data acquisition card) with a LabVIEW software which was
used to transfer the data from the acquisition system to local computer.

Fig. 1. Experimental system of leakage from the pipeline

Fig. 2. Schematic of the detailed experimental setup

2.2 Experimental procedure
Experimental conditions for pure CO2 and CO2-N2 mixture are listed in Table 1 and Table 2
respectively. Three different leakage nozzle sizes were used as the leakage hole ranging from small
to relatively large holes (shown in Fig.3). The equivalent diameters of these nozzles were 1, 2, 2.764
mm, respectively. To evaluate the effects of N2 concentrations on CO2 leakage, 2%, 4% and 6%
(mol) were set as the molar fractions of N2 in our present work. A brief experimental procedure for
these tests performed was planned as follows:
(1) The physical integrity of the whole experimental setup was checked especially the
measurement sensors and the leakage nozzle. Besides, the data acquisition system was sure in good
condition.
(2) The pipeline was purged by gaseous CO2 (N2 was used for CO2-N2 mixture leakage) to
eliminate water and other impurities.
(3) For pure CO2 leakage, pressurized CO2 was stored in the buffer tank first and then injected
to main pipe until appropriate mass CO2 had been added into the pipe; For CO2 leakage containing
impurity, N2 was first fed into pipe to the balanced pressure and then CO2 was injected into the
buffer tank and the main pipe through booster pump.
(4) All valves were shut down when appropriate mass fluid had been added into the pipe (no
more CO2 or N2 would be injected into main pipeline during the leakage), and heating band was
used to control the temperature maintain at the set values in order to get the initial expected phases.
(5) When the set initial pressure and temperature were maintained, leakage nozzle was opened
by the pneumatic valve remotely.
(6) During the leakage, pressure and temperature measured at each sensor was recorded by the

data acquisition system.
All the tests would be stopped until pressure in the pipe decreased to 0.1 MPa. Besides, each
test was repeated over more than 3 times in order to improve the reliability of experimental data and
eliminate the influence of acquisition error as much as possible.
Table 1 The experimental cases of initial parameters used in the tests for pure CO2 pipeline
Number

Pressure (MPa)

Temperature (℃)

Phase state

Nozzle sizes (mm)

Inventory (kg)

Test 1

8

40

Supercritical

1

0.741

Test 2

6.6

23

Liquid

1

1.782

Test 3

5

23

gaseous

1

0.360

Test 4

7.5

40

Supercritical

1

0.621

Test 5

8.5

40

Supercritical

1

0.919

Test 6

8

40

Supercritical

2

0.741

Test 7

8

40

Supercritical

2.764

0.741

Table 2 The experimental cases of initial parameters used in the tests for CO2-N2 pipeline (Nozzle size: 1mm)
Number

N2 mol%

Pressure (MPa)

Temperature (℃)

Phase state

Inventory (kg)

8

40

Supercritical

0.68

6.6

23

Gas-liquid

1.007

Test 10

5

23

Gaseous

0.35

Test 11

8

40

Supercritical

0.64

6.6

23

Gas-liquid

0.67

5

23

Gaseous

0.34

Test 8
Test 9

Test 12
Test 13

2

4

Test 14
Test 15

6

Test 16

8

40

Supercritical

0.6

6.6

23

Gas-liquid

0.56

5

23

Gaseous

0.33

Fig.3. Diameters of the leakage nozzles

3. Results and discussions
3.1 Decompression process

Fig. 4. Pressure profiles measured at p7 for different initial phases
The process of leakage is strongly dependent on the initial phases in the pipeline for the same
leakage nozzle sizes. It has been proved that the pressure measured along the pipeline varied slightly

for both industrial and laboratory scale leakage experiments [29, 30]. Thus only pressure measured
(decreased to 1 MPa) by p7 sensor (located at the closed end of pipeline) were given in Fig.4 to
display the pressure characteristics of leakage with different initial phases (supercritical, liquid and
gaseous respectively). Clearly, liquid CO2 had the longest leakage time followed by the supercritical
CO2 leakage while gaseous CO2 decompressed the fast. This was mainly because that liquid CO2
had the largest inventory stored in the initial stage and also the phase transition from the liquid phase
to gas phase made the overall leakage endures longer. The depressurization process can be divided
into two stages for high pressure CO2 leakage i.e. supercritical and liquid CO2 by the two red dashed
lines. In the first stage, a sharp decrease could be seen before the pressure dropped to critical or
saturation pressure of supercritical and liquid CO2 respectively. The depressurization rates in stage
2 were almost constant and the depressurization trend was similar to that of gaseous CO2 which was
linear with leakage time. These phenomena were mainly caused by the phase change between
supercritical/liquid phase and gas phases respectively. Once the high pressure CO2 pipelines leaked,
a choked flow would often occur at the exit of the leakage nozzle [7] where high density CO2 was
ejected, causing the rapid decreasing of mass inside the pipeline. And when the pressure decreased
to a value below the critical/saturation pressure, the ejected two-phase CO2 would slow down the
depressurization process due to the dramatic change of density inside the pipeline. Furthermore, due
to the reducing pressure difference between the CO2 fluid inside the pipeline and the ambient
pressure, the pressure decreased much more rapidly in stage 1 than in the later stage.

3.2 Phase transitions and temperature characteristics during the pipeline leakage
High pressure CO2 fluid would experience a large decrease in temperature within pipeline due
to the isentropic expansion in the event of rapid depressurization. The higher the initial leakage rate

is, the larger the temperature drop will be. However, when most of the inventory has escaped the
pipeline, the fluid temperature will start to increase again eventually caused by the strong heat
transfer between the pipe wall and CO2 fluid. As a consequence, there will be a certain minimum
temperature occurring within the pipeline during the overall leakage [31], which has a significant
relation with the brittle fracture. Fig.5 displayed temperatures variations near both ends of the main
pipeline for CO2 leakage in different initial phases. As can be seen, the temperature drop amplitude
(initial temperature minus the minimum temperature) during the leakage for liquid CO2 (16.13 K)
was larger than that of supercritical CO2 (8.53 K) and followed by the gaseous CO2 (4.28 K). This
was mainly because that the ejection of liquid CO2 caused the larger loss of mass and pressure inside
the pipeline due to its higher density (compared with supercritical and gaseous CO2). Moreover, a
phase transition would occur during the liquid leakage once the pressure decreased to a value below
the saturation pressure. Large latent heat then would be absorbed when the liquid phase boiled to
gas phase to fill the vacant volume until the temperature decreased to the minima which was also
noted as the dry out point [31]. Another main significant observation can be seen was that for
supercritical and gaseous CO2 leakage, the temperatures measured near the closed end were
generally lower than that measured near the exit of the pipe and the minimum temperature was lower
as well. While for liquid CO2 leakage, the temperatures measured were higher at the nozzle exit
which was completely opposite to that of supercritical and gaseous CO2 leakage. Specific
discussions on these topic and phase transitions during the leakage were given in the following
section.

Fig. 5. Temperature variations measured at both ends of the main pipeline
Fig. 6 (a) displays the evolution of fluid pressure and temperature plotted on the CO2 phase
diagram for supercritical CO2 leakage. Points A represented the initial condition of CO2 stored in
the pipeline (T = 313.15 K, P = 8 MPa) .After leakage, the inventory pressure of supercritical CO2
decreased quickly to the critical point while the temperatures were still above the critical point.
Subsequently, the pressure-temperature developments of these two measurement points were
gradually deviating from the saturation line, which indicated that the supercritical CO2 transformed
into the gas phase immediately (without gas-liquid stage) when pressure reduced to a value below
the critical pressure. This direct phase transition was mainly caused by the small nozzle size of the
leakage, which allowed enough time for the heat transfer between the pipe wall and the CO2 fluid
inside the pipe. Besides, as is proved that this heat transfer was much stronger near the nozzle exit
than that at other positions by Li et al. [16], the minimum temperature measured near the nozzle exit
(306.73 K) thus was found higher than that near the end (304.47 K).
Fig. 6 (b) displays the evolution of fluid pressure and temperature plotted on the CO2 phase
diagram for liquid CO2 leakage. Clearly, the whole leakage experienced 3 periods with point A

represented the initial state and point B and C were the locations of phase transitions. At the
beginning of the leakage, the inventory pressure decreased sharply to the saturation pressure (about
5.9 MPa) instantaneously due to the low compressibility of liquid CO2, while the initial temperature
drop was not so large as the liquid CO2 couldn’t release its heat fast enough. After then, the flow in
the pipeline began to change from liquid phase to the gas-liquid two phase and the P-T curves
evolved along the saturation line (from point B to C) during this stage. At point C, the pressuretemperature developments began to shift away from the saturation line, indicating that the flow in
the pipeline had started to transfer from gas-liquid two phases into gas phase and the CO2 fluid was
then superheated. Regarding the temperature characteristics, it was rather different from that of
supercritical CO2 leakage that the lowest temperature measured was higher near the end. This
phenomenon could be mainly explained by the expansion rate of CO2 fluid which was slower at the
end of the pipeline. The phase transition (from liquid phase to gas phase) upon leakage started from
the nozzle exit and propagated along the pipeline to the end of the main pipe, making the liquid
fraction at the end always higher than that at the nozzle exit and thus the smaller expansion rate.
Fig. 6 (c) displays the evolution of fluid pressure and temperature plotted on the CO2 phase
diagram for gaseous CO2 leakage. Clearly the initial condition and the decompression path were
under the saturation line and no phase change was observed during the whole leakage. Besides, due
to the large release rate in the initial stage, the pressure decreased rapidly accompanied with a sharp
temperature fall. Subsequently, the temperature drop rate decreased with the decreasing discharge
rate until the heat transfer rate between pipe wall and CO2 fluid exceeded the temperature drop rate,
a slow recovery of the inventory temperature was then observed. Furthermore, due to the flow and
expansion of CO2 in the pipeline during the overall leakage, constant work was done on the

downstream fluid by the upstream fluid which could accumulate from the closed end to the nozzle
exit. As such, the temperature drop amplitude near the closed end was larger than that near the
nozzle exit for gaseous CO2 leakage which was the same as that of supercritical CO2 leakage.

Fig. 6. Pressure-temperature evolutions for leakage experiments in different initial phases

3.3 Effects of impurity on CO2 decompression characteristics
CO2 transported by pipeline is rarely 100% pure. The presence of impurities will significantly
influence the thermodynamic behavior of the fluid compared to pure CO2 [32], and may thus be
expected to influence the CO2 pipeline leakage especially the temperature characteristics. Thus, the
effects of N2 on the decompression characteristics of CO2 pipeline were examined here. Fig. 7
displays the pressures measured at p7 of CO2-mixture leakage containing 4 mol% N2 and pressure
variations of pure CO2 were given as a comparison. It can be seen that an addition of 4 mol% N2
had little effect on the pressure characteristics of supercritical CO2 and gaseous CO2 leakage and it
only shortened the leakage time to a small degree. However a much larger effect on liquid CO2
leakage could be observed that the total leakage time had shortened from 145 s to about 95 s and no
distinct rapid pressure drop was captured at the initial stage. This was mainly caused by the change
of initial phase (as shown in Fig. 12 (c)) inside the pipeline as adding 4 mol% N2 to CO2 shifted the
bubble curve, which resulted in a larger gas fraction and a lower initial density stored in the pipeline.

Fig. 7. Effects of N2 on the decompression process for CO2 leakage in different initial phases

Fig. 8 presents the effects of N2 on the temperature characteristics for supercritical, liquid and
gaseous CO2 leakage respectively. The dashed lines representing the temperature characteristics of
pure CO2 were given as a comparison in order to investigate the influence of N2 on pressurized CO2
pipeline leakage. It can be found again that the mixed N2 had little effect on the temperature profiles
of supercritical and gaseous CO2 leakage and it only slightly shifted the temperature curves as well
as the minimum temperature. However for liquid CO2 leakage, due to the change of initial phases
inside the pipeline, the temperature characteristics of CO2-N2 mixture were rather different from
that of pure CO2. The larger gas phase fraction and the lower density of CO2 fluid stored initially
inside the pipeline made the much faster expansion rate of CO2-N2 mixture, based on which, the
temperature drop was larger than that of pure CO2. Furthermore, due to the small liquid phase
fraction in the initial stage, the dry out point [6] (all the liquid phase had vaporized into gas phase)
occurred at a much earlier time which was also higher than that of pure CO2. In addition, due to the
large temperature drop in the beginning, the temperature of CO2-N2 mixture was lower than that of
pure CO2 until it decreased to the minimum value which however, was much higher than the pure
CO2.

Fig. 8. Effects of N2 on the temperature characteristics of CO2 leakage in different initial phases

3.4 Effects of N2 concentrations on leakage characteristics
Based on the analysis above, we can know that the impurity N2 could have a large effect on the
leakage characteristics of high pressure CO2 pipelines and besides, these effects were completely
dependent on the initial phase of CO2 fluid in the pipeline. Furthermore, even a little N2 mixed could
have a great influence on the CO2 thermodynamic properties and the leakage process as well. Thus,
2%, 4% and 6mol% N2 was added in our tests respectively in order to investigate the influences of
N2 concentrations on the leakage process of CO2 pipelines. Fig. 9 presents the pressure and
temperature variation measured by P7 and T7 in the leakage process of supercritical CO2 containing
various N2 concentrations. Since adding N2 into the CO2 fluid decreased the fluid density in the
pipeline and the mass (see table 2), the overall leakage time shorted as N2 concentrations increased.
As can be seen in Fig.9 (a), the pressurization process of CO2-N2 mixture was divided into two
stages by the red line. The stage 1 was the depressurization of supercritical fluid and in this stage,
the pressure for both pure CO2 and CO2-N2 mixtures decreased to the critical pressure immediately.
Due to the higher density for CO2 mixture with lower N2 concentrations in the beginning, the

pressure initially dropped faster for pure CO2 while the 94% CO2 had the smallest drop rate. Fig. 10
plotted the evolution of fluid properties on the phase diagram for pure CO2 and CO2-N2 mixture
respectively. Again due to the small nozzle size, the phase inside the pipeline transferred from the
supercritical phase to the gas phase directly for all these tests. And the deviation of the pressuretemperature development was much far from the saturation line for larger N2 concentrations. Thus,
the stage 2 is the depressurization process of gas CO2 mixture and the pressure was higher for low
N2 concentrations, meaning the pipe was emptied slower.
Regarding the temperature characteristics, it is well known that when the flow of fluid with
high CO2 content is choked, the temperature downstream of the nozzle exit can drop largely caused
by the strong Joule-Thomson cooling (JTC) of CO2 [33]. Impurity like N2 can have a positive effect
on the JTC and this positive contribution to JTC for N2 decreased gradually as the CO2
concentrations increased [15] As a consequence, the minimum temperature was larger when high
N2 concentrations added and the 6%N2 mixture attained the highest minimum temperature. Besides,
the minima appeared at earlier time for the same measurement point with the increasing N2
concentrations. A minimum temperature line can be drawn based on the N2 concentrations which
can be used to predict the generation of the minima and thus ensure the operation above the ductilebrittle transition temperature of CO2 pipelines.

(a) Pressure variation

(b) Temperature variation
Fig. 9. Effects of N2 concentrations on the pressure and temperature characteristics of supercritical
CO2 leakage

Fig. 10. Pressure-temperature evolutions for CO2 mixture containing different N2 concentrations
Impurities mixed into CO2 pipeline can dramatically affect the thermodynamic properties for
liquid CO2. Fig. 11 illustrates the effects of N2 concentrations on the phase envelopes of CO2-N2
binary mixtures with 2 mol%, 4 mol% and 6 mol% respectively. Clearly, adding N2 into the pure
CO2 shifts the critical point to lower temperature and higher pressure, and the bubble curve upwards
and slightly left. Notably, the initial phase of pure CO2 had changed from liquid phase into liquidgas two phase states because of the shift of the bubble curves when N2 added into the CO2 fluid.
These transitions of initial phase states could also be clearly seen from the visual section (shown in
Fig. 12) that gas phase in the initial stage increased with the increasing N2 concentrations mixed
into CO2 fluid. The pressure and temperature characteristics for CO2 mixtures containing various
N2 concentrations were given in Fig. 13. Clearly, due to the change of initial phase states, the whole
leakage time shortened dramatically for high N2 concentrations added into the CO2 pipe as the
leakage time for pure CO2 was 145 s while for 94% CO2 was 88 s. Besides, the initial pressure drop
of CO2-N2 mixture leakage was not as obvious as that of pure CO2 and even a linear variation was
found for 4% and 6% mol N2 concentrations. Furthermore, a similar trend to supercritical CO2 could

be found for liquid CO2 that the pressure dropped fastest in the initial stage for pure CO2 while 94%
CO2 had the smallest drop rate. Regarding to the temperature, the minimum temperature similarly
increased as N2 concentrations increased, however with a much larger range compared to that of
supercritical CO2 leakage. Besides, due to less liquid phase fractions vaporized to gas phase for
large N2 additions during the leakage process, the dry out point appeared at an earlier time. Moreover,
the latent heat absorbed by the fluid during the evaporation to fill the vacant volume decreased with
the increasing N2 concentrations, the minimum temperature for high N2 concentrations was higher
compared with that of pure CO2. Therefore, a minimum temperature line can be drawn again for
liquid CO2 leakage which however, had a smaller slope than that of supercritical CO2 leakage. By
Comparing the minimum temperature lines of supercritical and liquid CO2 leakage, we can found
that adding N2 could prolong the dry out time much more for liquid CO2 than that of supercritical
CO2 leakage. However, the effect of adding N2 on the minimum temperature (which was also of
primary importance for controlling the risk of brittle fracture) was much larger for liquid CO2
leakage, indicating that liquid CO2 pipeline containing N2 was much more likely to have the risk of
brittle fracture due to the low temperature inside the pipeline.

Fig. 11 Phase envelopes of CO2 mixtures with various N2 concentrations

(a) Test 2

(c) Test 12

(b) Test 9

(d) Test 15

Fig.12. Initial phase states at the visual section for pure CO2 and CO2 containing N2

(a) Pressure variation

(b) Temperature variation
Fig. 13. Effects of N2 compositions on the pressure and temperature characteristics of liquid
leakage

3.5 Effects of initial pressure on leakage characteristics
The leakage behavior of CO2 pipeline was strongly dependent on the initial pressure in the
pipeline. Thus, taking the supercritical CO2 leakage as an example, Fig. 14 displayed the
temperature characteristics (measured at T7) of supercritical CO2 leakage under three different
initial pressures. Clearly, as the initial pressure increased, the minimum temperature inside the

pipeline appeared lower and later at the same measurement point. And again, a minimum
temperature line was obtained, which indicated that the higher the initial pressure of supercritical
CO2 leakage was, the more likely that the fluid temperature would be lower than the ductil-brittle
transition temperature. This phenomenon was mainly caused by the stronger JTC effect for CO2
fluid with higher initial pressure. More latent heat would be absorbed during the leakage with higher
initial pressure and thus leading to the lower temperature minimum. Furthermore, unexpected
results were found in the data analysis, as show in Fig. 13 (b) by the green line, which represented
the temperature at the pressure decreased to 1 MPa. This green line was parallel to the green dashed
line (minimum temperature line), meaning that the amplitude of the recovery temperature from the
minima was equivalent for all these three tests and the mixed N2 almost had no effect on the
temperature characteristics at the later leakage stage.

Fig. 14. Effects of initial pressures on the temperature characteristics of supercritical CO2 leakage
3.6 Effects of nozzle size on temperature characteristics
Fig.15 compares the temperature characteristics of pure CO2 for various nozzle sizes during
the supercritical CO2 leakage. It was obvious that with the increase of nozzle size, the leakage

duration was becoming shorter. And because of the shorter leakage duration, the lowest temperature
during the overall leakage occurred at earlier time at the same measurement point for large nozzle
size. In addition, due to the larger release rate for the increasing nozzle diameters, the time of the
heat transfer between pipe wall and CO2 fluid was much shorter. And thus, the temperature during
the overall leakage process was lower for larger nozzle size as well as the minimum temperature
(for test 1,6,7, the lowest temperature were 304.42, 298.61 and 294.38 K respectively). This result
indicated that lower minimum temperature in the overall leakage process was reached with larger
nozzle diameters. Based on this, the minima was more likely to decrease to a value below the
Ductile-Brittle Transition temperature for larger rupture geometry, and thus increasing the risk of
brittle fractures for CO2 pipeline.

Fig.15. Temperature characteristics (data of T7) with different nozzle sizes

4. Conclusions
High pressure CO2 pipelines are widely considered as the main approach for the development
of CCS. However, transporting CO2 fluid by pressurized pipelines is still a challenge as CO2 is an
asphyxiant at high concentrations, coupled with the possible proximity of CO2 pipelines to

populated areas [34]. The safety of such pipelines in the unlikely event of pipeline failure is of
fundamental importance. Moreover, the relatively high Joule-Thomson expansion cooling of CO2,
coupled with its slow depressurization, raises concern that a situation may arise in which a
seemingly inconsequential small diameter through wall defect may eventually transform into a
catastrophic running brittle fracture [14]. Given that, a laboratory scale experiment system was
developed to understand the accidental leakage behavior (especially the temperature characteristics)
of high pressure CO2 pipelines. The decompression process and the phase transitions were
investigated for supercritical, liquid and gaseous CO2 leakage respectively. Meanwhile, temperature
characteristics especially the minimum temperatures with various initial phase states were mainly
focused on. Furthermore, the impact of impurity, inner pressure and leakage nozzle sizes on the
temperature characteristics were analyzed with some of the experimental results. According to the
experimental study, some conclusions are demonstrated as follows:
(1) A minimum temperature could be observed during the whole leakage and it was lower near
the closed end during supercritical and gaseous CO2 leakage while it was lower at the nozzle exit
for liquid CO2 leakage. Besides, the liquid CO2 leakage had larger temperature drop amplitude than
supercritical and gaseous CO2 leakage, indicating that liquid phase pipelines are more prone to
undergoing a propagating brittle fracture.
(2) The mixed N2 into CO2 fluid shortened the leakage time and increased the minimum
temperature during the overall leakage with different initial phase states. And the more N2 contained,
the higher minimum temperature could be observed especially for liquid CO2 leakage.
(3) Higher initial inner pressure lowers the minimum temperature for supercritical CO2 leakage
and thus increases the risk of propagating brittle fracture.

(4) Lower minimum temperature in the overall leakage process can be reached with larger
nozzle diameters, and high risk of brittle fracture can be caused by larger fracture geometry.
(5) Two minimum temperature lines can be obtained based on the N2 concentration and initial
inner pressure respectively which are vitally important for ensuring the pipeline operation above the
ductile-brittle transition temperature.
This present work focused the effect of impurity (N2 only) and inner pressure on the leakage
behavior of high pressure CO2 pipeline. Further studies including the influence of inner temperature
and other impurities like CH4, O2 and Ar as well as the numerical modelling research are currently
underway.
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